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. Abstract. Carbon isotope fractionation between gaseous carbon dioxide
and aqueous bicarbonate decreases from 9.2 to 6.8% over the temperature
range 0 to 30°C. This fractionation occurs in the hydration stage, not

in the passage of atmospheric CO2 through the air-water interface.
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It has long been recognized that atmospheric carbon dioxide is depleted

in C13 relative to the inorganic carbon pool of the oceans. Reid and Urey

(1) first measured the equilibrium fractionation in the exchange C130

12 - = 12 13 -
HC 03 <= C 02+HC 03

C. Craig (2) found a C13 depletion of some 7% in atmospheric carbon dioxideA

2+
and arrived at a value of 1.0120 : 0.0025 at 25°

reiative to oceanic bicarbonate and Abelson and Hoering (3) redetermined a
value of 1.0083 for the fractionation in the above equilibfium‘at 25°C. This
latter valqe is appérently the only one derived from laboratory experiments
using improved analytical techniques that have become available since the
early work of Reid and Urey (1). No experimental data at all seem to exist
~on the change of this fractionation over the temperature range 0 to 30°C
which is the most important one with regard to natural conditions involving
the atmosphere and the oceans. Data are also lacking on carbon isotope
fractionation between oceanic bicarﬂonate and molecular carbon dioxide dis-
solved in the water. Both fractionation effects are of geochemical as well
as biologicgl interest. Knowledge of their magniiude may aid, for example,
invdetermining whether éeftain marine plants utilize dissolved carbon dio-
xide or bicarbonate or possibly both species during photosynthesis. We
therefore decided to perform several léboratory experiments to detemrmine

the size of these fractionations under equilibrium conditions.

Round-bottom, three-neck distilling flasks of 300 ml capacity were used

as reaction vessels. Aitached were a gas sample tube, a liquid-sampling pi-
pette consisting of two stopcocks in series with a 3-ml volume between them,

a modified stopcock whose bulb contained H;PO, and a main stopcock for iso-



(3a)
lating the whole system. All stopcocks and joints were lubricated with a
minimum of silicone grease in order to avoid contact between solution and

grease. Preparation of a run proceeded as follows: The gas sample tube

was filled with the desired amount of CO2 and the pipette and the stopcock
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containing.HSPO4 were evacuateq and closed after the acid was thoroughly de-
_ gassed: A 50 ml .aliquot of the sample solution was then pipetted into the
flask and frozen by applying a mixture of dry ice and acetone around the
flask. When the solution was completely frozem the flask was evacuated to
a pressure of about 10_3 torr and closed. After thawing of the solution,
the same cycle was repeated so as to remove most of the gases dissolved in
the solution. After the second thawing the CO2 in the gas sample tube was
released into the flask and the entire reaction vessel with attachments
was immersed in a water bath whose temperature was controlled to I 0.5°%%.
A minimum of 18 hours was allowed for equilibration during which time the
vessel was shaken periodically.

At the end of a run, a portion of the solution was drawn into the pi-
pette for later pH measurement and the gaseous CO, was condensed back into
the gas sample tube. Both these steps as well as the pH measurement were
carried out at the particular temperature of the experiment. Following
the isolation of the gas phase, the solution was acidified by opening and
draining the stopcock containing the phosphoric acid. The evolved CO2 was
extracted and purified by two passes through a trap cooled with dry ice and
acetone. The COZ constituting the equilibrium gas phase was sﬁbjected to
the same purification before transfer to the mass spectrometer. The spectro-
meter used for the isotope ratio measurements is a conventional 6-inch, 60°
- instrument with dual inlet system and double collector, manufactured by Nuc-
lide Corporation.

In the first set of experiments 107" mole of CO, with a 6C'° of -27.0%
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(4) was equilibrated with a solution of 10-4 mole of NaHCO3 with a 6C13 of
~-6.0% . The pH of the solution was 8.4, ensuring that roughly 98% of the
carbon was present in bicarbonate (5). The <SC13 measured on the CO2 deriv-
ed by acidifying the soiution after the run, therefore, closely represented
the value for the bicarbonate in equilibrium with the CO, étmosphere

above the solution. Fig. 1 shows the data obtained at 0 and 30°C equilibra-
tion témperatures. The reproducibility in all experiments described here

is of the order of 2 0.2 to 0.4% for 4, i.e. ;hé difference between the §-
values of the equilibrated phases. As the errof in A depends on fwo separ-
ate sample preparations and analyses in addition‘to the errors inherent in
.the equilibration and separation stages, this level of precision seems quite
acceptable. Fig. 1 also includes the data obtained in\a separate experiment,
similar to the one above; where the initial carbon dioxide waslisotopically
heavier (6C13A= + 3.6%) than the bicarbonate (GC13 = -6.0% . This experiment
was performed in order to approach equilibrium frém the opposite direction.
As_is evident from Fig. 1, a switchover was achieved and after the run the
CO2 above the solution was 9.6 % lighter than the bicarbonate. Within the
limitations of these experiments, this valuelcén'bg_considered idenfical to
the others obtained at the same temperature, viz. 9.3, 8.8, 9.1% The Cls/
C12 difference between atmospheric carbon dioxide and‘aqueous bicarbonate at
0°c may thus be taken to be 9.2 1 0.4% Table 1 lists the experimentally
;:§o°, and 30°C. The

last column of the Table gives the fractionation factors «=, defined as

" determined differences and their mean values for 0°

13,127
(c/c .)uco3
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for each temperature. These vglues were calculated from the best fit to

all the data in a plot of 1000 ln= vs. 10° T2 where T is the absolute tem-

perature.
Another series of experiments was aimed at detemining the isotopic
composition of dissolved CO, in equilibrium with aqueous bicarbonate and

atmospheric CO To this end buffered solutions of pH values ranging from

2
6.20 to 6.53 were allowed to equilibrate with carbon dioxide gas. The

buffers used were mixtures of KH2P04 and Na2

‘s . 0~ . . .
water. Equilibration temperature was 0 C in order to maximize fractiona-

HPO4 dissolved in distilled

tion effects. Preparation procedure was identical to thg one described

above except that in these runs all the carbon was initially in the form

of CO, gas. Upon bringing the gas and solution into contact some of the

€O, entered the solution and partly hydrated and dissociated to H' and

HCOS'. The molar ratio of free CO2 (this includes roughly 0.1% undissocia-
ted H2C03) in the solution to the bicarbonate is dependent upon the pH and
the temperature and can be obtained from tables of values calculated by Saru-
hashi (5). To determine the isotopic composition of the dissolved C02, it
was then only necessary to measure the pH of the solution at the end of the
experiment and the 5C13 values of the gaseous CO2 and of the total carbon

13

in the solution (SZC(aq))' The 86C°7 of the bicarbonate and of the aque-

ous CO2 were then calculated from the following equations

‘Sﬂcos‘ dsc:oz(gas) * A (1)

%co,(aq) = %rc(aq) ” Q@HCOS'-GZC(aq)) | (2)



where A is the previously determined differencelbetween the é's of CO, and
bicarbonate in equilibriuﬁ (9.2% at pOC)iand Q is the molar ratio of HCO,
to 002 in the solution, a value obtained from Saruhashi's tébles for the
pH and temperature of the experiment. o
Table 2 shows the data obtained in three runs in which Q varied from

0.41 to 0.89. In all three cases the calcﬁlated 8 is identical to
COz(aq) ,

+
- 0.5% or better, an excellent agreement

the~measured6c02(gas) to within
considering the fact that the errors associated with A, Q and two independ-
ent sample preparations.and analyses entered into the calcu1a£ion.

To obtain a further check on the data presented in Table 2, one addit-
ional experiment was performed in which the pH of the solution was lowered
to 5.2. At this low a pH, 96% of the carbon in solution is in the form of
CO2 and tﬁe»bicarbonate fraction can be neglected for the purposes of the
present experiment. In terms of equation (2) above, Q was 0.04 which made

the second term negligible and § As the solubility of

IC(ag) = °C0(aq)
CO2 at a pH of 5.2 is appreciably lower than at the pH values of the other
experiments the CO2 pressure above the solution was raised by allowing 20

cc STP of CO2 to equilibrate with the solution instead of the usual 2.25 cc.
Upon completion of the run great care was taken not tg allow any of the dis-
solved CO2 to escape the solution. The stopcock of thé gas sample tube into
which the gaseous COZ was being frozen was quickly closed as soon as the
first bubbles appeared in the solution due to the sudden pressure drop above
the solution. It is conservatively estimated that at least 99% of the gase-

Al
ous €O, were recovered and that no more than 1% of the dissolved CO, escaped
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the solution before closing of the stopcock. The solution was then acidif-
ied to liberate the dissolved CO;. Comparison of the volumes after purifica-
tion of the gas samples showed that about 16% of the gas had gone into
solution. The initial CO; of the experiment, comprising the total carbon
involved, had a 6C13 of -27% After equilibration the measured values f&r
the gaseous and dissolved CO2 were -26.5 and —szl%orespectively, again identi-
cal values within the established precision.

The experiments have shown that (a) the fractionation of carbon isotopes
between atmospheric carbon dioxide and aqueous bicarbonate decfeases from
9.2 T 0.4%at 0°C to 6.8 ¥ 0.4%at 30°C and (b) there is no measurable fraction-
ation between atmospheric carbon dioxide and carbon Aioxide-dissolved in water.
In the absence of complete stagnancy equilibrium appears to be established
rather quickly so that the difference in the kinetics of passage through the
air-water interface between the two isotopic species C1202 and C1302 can-

3 fractionation. It may be assum-

ed that the fractionation occurs in the hydration step where carbon bonds are

not significantly contribute to the COZ—HCO

rearranged and not in the dissociation though this cannot be ascertained ex-
perimentally because of the low relative abundance of the undissociated

phase. One biological implication of this is that it is possible to distin-.
guish the inorganic carbon source of aquatic plants. If the plants utilize
CO2 only, their carbon should be isotopically identical to that of air breath-
ing plants as long as the utilization proceeds along the same paths and the
CO2 can equilibrate with the atmosphere. If a plant can utilize either CO2
or bicarbonate depending on their relative availabiiity, the proportion of

the two will be reflected in the plant's carbon isotope content. In the

extreme case of exclusive bicarbonate uptake, the plant will, depending upon
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mean growth temperature, be 7 to 9% heavier than in the case of pure CO,
uptake. The apparent ease of equilibration and consequent insignificance
of the kinetic effect in the passage of CO, molecules through the air-water
interface also casts doubt on the reality of the postulated large kinetic
~effect (6) in the passage of CO, from the atmoéphere into the plant cyto-
plasm during photosynthesis.

In the light of these experiments, carbon isotope differences between
most fresh waters (light) and marine water (heavy) can no longer be inter-
preted to be exciusively a result of the large biogenic CO, contributions
to rivers and lakes. The pH and consequently the ratio of the carbonic
acid substances in solution appears to be a principal factor in determin-

ing the ultimate 6C13 in a given water body.

" W.G. Deuser

E.T. Degens

Department of Chemistry
Woods Hole Oceanographic Institution
Woods Hole, Massachusetts
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Table 1. Equilibrium fractionation of carbon isotopes between atmospheric
carbon dioxide and aqueous bicarbonate.
A - -—
Temp. CO2 - HCO3 A «
o +
5 - 0.0003
(Y] (%9 (% (add - 0 )
0 9.3
0 8.8
9.2 1.0093
0 9.1
0 9.6
10 8.1
8.1 1.0084
10 8.1
20 7.6
7.3 1.0076
20 7.0
30 6.6
6.8 1.0069
30 7.1
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Table 2. Comparison of §C  values (%) of COZ(gas) and COZ(aq) in equili-

brium at 0°C.

i Q %icag) °co, (gas) 8co, (aq)
p (measured) (measured) (calculated) Diff.
6.53 0.89 5.7 1.6 1.2 +0.4
6.27 0.48 : 5.5 2.8 2.4 +0.4

6.20 0.41 5.7 2.7 3.2 -0.5




